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A question of enduring interest in EvoDevo research concerns the extent to which the biased 39 production of variation during development influences directional trends and patterns of 40 convergence in morphological evolution [1] [2] [3] [4] . At the molecular sequence level, an analogous 41 question concerns the extent to which mutational bias in the production of genetic variation 42 influences pathways of molecular evolution [5, 6] . Mutation bias is known to exert an important 43 influence on patterns of neutral molecular evolution [7] , but an emerging understanding of the 44 implications of mutation as an introduction process suggest that it may be an important orienting 45 factor in adaptive evolution as well [8, 9] . The Modern Synthesis originally included a strong 46 position on the importance of recombination, and did not attach much importance to the role of 47 mutation bias [10] [11] [12] [13] . When the process of evolution is defined in terms of shifts in the 48 frequencies of pre-existing alleles, recombination serves as the main source of new genetic 49 variation and mutation rates must be on the order of selection coefficients to exert an appreciable 50 influence on the direction of adaptive change [14] .
51
An alternative view is that outcomes and pathways of evolution may be influenced by the 52 rate of mutation even in the presence of selection [5] . For instance, in the simple case of origin-53 fixation models [8] , the substitution rate is given as K = 2Nμλ, where N is the size of a diploid 54 population, μ is the per-copy rate of mutation, and λ is the probability of fixation [15] . This 55 model specifies the substitution rate as the product of the rate at which new alleles originate via 56 mutation (2Nμ) and the probability that they become fixed once they arise (λ). In this type of 57 model, mutation bias in the introduction of variation can produce a bias in substitution rates even 58 when the substitutions are beneficial [8] . Results of several experimental evolution studies 59 suggest that mutation bias can influence trajectories of adaptive protein evolution [9, [16] [17] [18] [19] [20] , and 60 Stoltzfus and McCandlish [9] also provide evidence for transition-transversion bias among 61 adaptive substitutions that contributed to natural protein evolution.
62
One especially powerful means of addressing questions about the role of mutation bias in 63 molecular adaptation is to examine convergent changes in protein function that can be traced to results in especially high rates of change from one pyrimidine to another (C↔T) or from one 68 purine to another (G↔A). In the genomes of mammals and birds, the dinucleotide CG -often 69 designated "CpG" -is a hotspot of nucleotide point mutations due to the effect of methylation on 70 damage and repair. In mammals, the mutation rate at CpG sites is elevated 10-fold for transition 71 mutations and several-fold for transversions [21, 22] . A recent mutation-accumulation study in 72 birds confirmed a similar increase in mutation rate at CpG sites [23] . Mammalian and avian 73 genomes both exhibit roughly five-fold depletions of CpG dinucleotides, consistent with elevated 74 rates of mutation at such sites [24] .
75
In studies of hemoglobin (Hb) evolution in high-altitude birds, site-directed mutagenesis 76 experiments have documented three cases in which missense mutations at CpG dinucleotides 77 contributed to derived increases in neighbor has an equal probability of being the most fit. Although the most obvious justification 184 for this kind of calculation is in terms of the population-genetic scenario just described, the same 185 null expectation applies to any scenario in which CpG status (for whatever reason) fails to have 186 any impact on which mutant is chosen from the set of mutationally accessible neighbors.
187
The three null models differ in whether the mutationally accessible variants are defined at codons, and NNC GNN codon pairs in avian globin genes.
201
We note that for model 3 the structure of the genetic code renders all amino acid Having calculated the frequencies of CpG-associated changes under our null model, we then 211 calculated the frequency of CpG-associated changes out of all observed adaptive mutations.
212
Following [9], we note that because identical causative mutations sometimes contributed to 213 adapation in several different high-altitude taxa it is useful to distinguish between the set of 214 distinct mutations that contribute to adaptation, which we call "paths", and the number of 215 episodes of adaptation each such mutation contributed to, which we call "events". We thus 216 calculated the frequency of CpG-associated causative changes for both paths, where each distinct 217 mutation is weighted equally, and for events, where each each mutation is weighted by the 218 number of different adaptive episodes it contributed to. As described below, for the dataset in Hb-O2 affinity will have evolved repeatedly in avian taxa that have independently colonized 262 extreme altitudes. We tested this prediction using phylogenetically independent comparisons 263 involving 35 pairs of high-and low-altitude avian taxa (Fig. 1) . The analysis revealed a striking 264 elevational pattern of convergence, as the high-altitude taxon exhibited a higher Hb-O2 affinity in = 26 for HbD), the measured differences were entirely attributable to differences in intrinsic O2 HbD, so the effects of missense mutations in that gene are manifest in both isoforms.
305
The set of mutational changes in the α A -and β A -globin genes can be described in several altitude flowerpiercer (Fig. 3) . The βG83S change, with 6 events, is the most highly repeated 311 path. The distribution of events for all 10 paths is 6, 3, 3, 2, 2, 2, 1, 1, 1, and 1. We calculated the expected frequency of CpG-associated changes under a null model in 313 which the CpG status of a mutation is irrelevant to its probability of contributing to adaptation.
314
Because this expectation varies slightly depending on assumptions, we calculated three separate 315 null expectations (see Methods): (1) the frequency that a site in a globin gene is a CpG site, (2) 316 the frequency that a missense mutation in a globin gene is a CpG mutation, and (3) the frequency 317 of CpG-associated changes among the set of all one-mutant amino acid neighbors of a given 318 ancestral sequence. The three models are very similar in giving a null expectation of 10 or 11 %
319
CpG, as shown in Table 2 . Thus, for the 10 independent mutational paths, we expect ~1 CpG 320 path, and for the 22 events, we expect ~2 CpG events. As shown in Table 2 
